The neurodevelopmental model of schizophrenia, which posits that the illness is the end state of abnormal neurodevelopmental processes that started years before the illness onset, is widely accepted, and has long been dominant for childhood-onset neuropsychiatric disorders. This selective review updates our 2005 review of recent studies that have impacted, or have the greatest potential to modify or extend, the neurodevelopmental model of schizophrenia. Longitudinal whole-population studies support a dimensional, rather than categorical, concept of psychosis. New studies suggest that placental pathology could be a key measure in future prenatal high-risk studies. Both common and rare genetic variants have proved surprisingly diagnostically nonspecific, and copy number variants (CNVs) associated with schizophrenia are often also associated with autism, epilepsy and intellectual deficiency. Large post-mortem gene expression studies and prospective developmental multi-modal brain imaging studies are providing critical data for future clinical and high-risk developmental brain studies. Whether there can be greater molecular specificity for phenotypic characterization is a subject of current intense study and debate, as is the possibility of neuronal phenotyping using human pluripotent-inducible stem cells. Biological nonspecificity, such as in timing or nature of early brain development, carries the possibility of new targets for broad preventive treatments.
Introduction
Schizophrenia is a severe disabling disorder of unknown etiology, and its pathophysiology remains poorly understood. The neurodevelopmental model posits that the illness is the end stage of abnormal neurodevelopmental processes that began years before the onset of the illness. There has been considerable relevant work since the 2005 update on the Neurodevelopmental Model of Schizophrenia in this journal, 1 which summarized several decades of research.
This highly selective review covers clinical, epidemiological, brain imaging and genetic studies since 2005 that elaborate on, or that we judge has the most potential to elaborate on, neurodevelopmental models of schizophrenia. We review research on antecedent risks, brain development and genetics of schizophrenia. In brief, we note that pre-and perinatal studies of placental pathology should be included in population/high-risk studies, and that environmental risk factors such as urbanicity, childhood trauma and social adversity have received strong replication. The importance of rare genetic variants as risk for schizophrenia is widely recognized, but with marked phenotypic nonspecificity pointing to common brain developmental pathways across disorders. The case for some molecular specificity is unclear but may be strengthened by ongoing sequencing studies, at least for rare copy number variants (CNVs).
Brain development is a continuous process, and early and later periods are relevant for study. Postmortem brain studies across the lifespan document the striking time-and region-specific nature of gene expression, including risk genes for schizophrenia (and other) disorders. Longitudinal cohort studies and emerging genetic and brain imaging technology provide new levels of complexity, including prenatal imaging and brain connectivity measures for understanding early brain precursors to illness.
New studies of typical brain development are looking at multiple cognitive and behavioral outcomes rather than a disease-based approach. 2 The neurodevelopmental model of schizophrenia has long existed as a model for other childhood-onset conditions, including attention deficit hyperactivity disorder, intellectual deficiency, autism spectrum disorders (ASD) and epilepsy. Optimally, broader (less specific) risk could lead to translational research enabling broad preventive measures.
Longitudinal epidemiology
Cohort studies continue to provide valuable insights with the power to overcome the 'noise' of crosssectional analyses. Individuals who later develop schizophrenia have lower cognitive and motor per-formance in childhood. 3 Developmental delays may interact with other factors such as obstetrical complications, and even low Apgar scores, to provide as much as a fivefold risk of schizophrenia. 4 However, early disorders of cognition, language and motor performance are both general risks for adult psychopathology and too common to be effective in predicting schizophrenia. 5, 6 Longitudinal studies support the dimensional nature of psychosis and risk. Psychotic symptoms were examined at age 12 for a twin cohort of over 2000 British children followed since age 5. 7 There was a prevalence of 5% with psychotic symptoms, similar to that found in other birth cohorts, fivefold higher than the rate for schizophrenia; psychotic symptoms actually represent a trait diathesis, which in some cases convert to schizophrenia. There was broad comorbidity for psychosis across mood and antisocial behaviors. Psychotic symptoms were familial and heritable; associated with adverse upbringing and impaired cognitive functioning; and related to urban residence and lower birth weight.
Ongoing prospective studies in Europe, Asia and the United States are evaluating specific environmental, genetic and epistatic contributions to the development of schizophrenia. One outstanding example is the Generation R study based in Rotterdam, which is following a cohort of 10 000 children recruited during fetal life. 8 Prospective imaging was carried out during pregnancy and will be continued until young adulthood. Maternal and fetal DNA is obtained for all subjects, and environmental measures include fetal exposure to medications and drugs, making this a promising study for gene-environment interaction analyses.
Environmental measures
Pre-and perinatal risk Infection/famine. Clinical, epidemiological and translational studies continue to link prenatal infection and schizophrenia. 9 Prenatal exposure to rubella, toxoplasma and herpes simplex virus type 2 are known causes of developmental disorders, including mental retardation, learning disabilities and sensorineural dysfunction. 10 Studies most consistently find association between Toxoplasma gondii infection and schizophrenia; mothers with the highest immunoglobulin G level had a relative risk of 1.73.
11 In a study of Danish infants using newborn filter paper blood spots taken at birth, T. gondii immunoglobulin G antibody was also associated with schizophrenia. 12 The mechanism of such risk factors remains obscure, as does the phenotypic specificity of prenatal infection.
Follow-up of previous work on the Dutch Hunger Winter revealed that individuals who were in utero during this famine showed an increased risk of brain abnormalities, schizophrenia and depression. The increase in schizophrenia risk has been replicated in two separate studies in two different regions of China, which sustained famine during the cultural revolution and had a twofold increase. 13, 14 Exposure to famine is also associated with mood disorders and antisocial behavior, as well as with diabetes and body size. 15 Placental pathology. As reviewed previously, 1 a large number of studies find some relationship between obstetric complications and later onset of schizophrenia. Obstetrical events may be causal in themselves or reflect other causal processes. The past 5 years have seen particular interest in placental pathology, as recent reports indicate a high rate of placental pathology in infants with signs of perinatal brain injury 16 or cerebral palsy. 17 In addition to traditional gross and histological examination, the placenta produces substances important for infant brain development, such as serotonin, 18 other monoamines, 19 vasoactive intestinal peptide 20 and mammalian target of rapamycin. 21 As psychiatric outcomes may not be recognizable until years after, large prospective studies with banked tissue, more systematic description of placental appearance, and long-term follow-up are needed. 16 This has already proved successful with respect to risk of cerebral palsy. 22 Animal studies indicate an even wider role for the placenta in supporting fetal brain development during maternal food deprivation and stress that could be through a program of catabolic gene expression, resulting in placental catabolization to provide fuel to the developing brain. 23 There are major obstacles to the study of placenta and psychiatric outcomes. Placentas are typically only examined when the babies are visibly ill at delivery. However, automated high-throughput image analyses are now feasible to standardize and speed identification of placental histopathology. As of this writing, at least three large cohort studies have begun incorporating this approach.
Low birth weight. Epidemiological studies have long identified preterm birth ( < 37 weeks, < 2055 g) as a significant, albeit nonspecific, risk factor for psychiatric disorders including schizophrenia. There is a broad increase in childhood disorders such as attention deficit hyperactivity disorder, intellectual deficiency, and most recently, ASD, and most are found with other comorbidities, particularly cognitive impairment. White matter (WM) abnormalities, ventricular enlargement and cerebellar hemorrhagic injury, all associated with ASD (see 2011 review by Johnson and Marlow 24 ), indicate the probability of more subtle early insults for other low-birth-weight survivors.
Premorbid risk

Urban environment
Meta-analyses show consistent association in a doseresponse manner with the urban environment in many settings, 25 after controlling for a range of possible confounders, such as urban drift and minority status. 26 It remains unclear as to how social factors mediate this relationship, as the effect of risk factors may vary depending on whether they are the norm or the exception within the social environment. 27 There is probably a general stress processing factor, 28 but here too, the effect appears diagnostically nonspecific, as mood and anxiety disorders are also elevated, 29 and interaction effects with family liability have been shown repeatedly. 25 
Childhood trauma
Mounting evidence shows a significant relationship between early childhood trauma and risk of psychosis. Many studies are small, and the etiological importance is still controversial. 30 Sexual abuse may be of particular importance, 31 and interaction between developmental trauma (for example, physical, sexual and neglect) and decreased cortical thickness has been found. 7, [32] [33] [34] [35] [36] [37] [38] [39] [40] A prospective longitudinal twin study from the United Kingdom found trauma (characterized by intent to harm) to be associated with children's later report of psychotic symptoms (relative risk 3.15). 41 Given the long-lasting effects of stress for many mental health outcomes, this remains an area of active research.
Ethnic minority/immigrant status
Minority group position is associated with psychotic symptoms across different cultures. 42 These effects appear mediated by chronic social adversity. This is one of the best documented and strongest environmental risk factors, particularly in interaction with family risk 25 and specificity of age of exposure. 43 Biological mechanisms. Biological mechanisms for environmental impact have been proposed. Urban environment has been associated with amygdala activation (current city living) and altered perigenual anterior cingulated cortex excitation (urban upbringing). 28 In addition, the neuropeptides oxytocin and vasopressin, complex regulators of social interaction, have been proposed as mediators of social alienation. 44 These models remain general, with presumed sensitive periods for brain developmental processes that share mechanisms across psychiatric disorders. 25 In the central nervous system, neuronal proliferation, cell migration, morphological and biochemical differentiation, and circuit formation all depend on cell and cellenvironment interactions that control developmental processes, and so can cause altered trajectories 45, 46 (see Figure 1) .
Neuroimaging
Technical and empirical advances in neuroimaging have been applied to further our understanding of neurodevelopmental mechanisms, including: (1) large prospective studies through childhood and adolescence producing normative data; (2) parallel longitudinal studies on non-psychotic siblings and ultra-high-risk groups; (3) acquisition of prenatal scans; (4) application of complementary methodologies such as tensor-based morphometry, diffusion tensor imaging and graph theoretical approaches to characterize circuitry; and (5) imaging genetic approaches.
Longitudinal studies on early onset/childhood-onset schizophrenia Studying childhood-onset schizophrenia (COS) continues to provide unique neurodevelopmental data as probands and siblings are younger, and developmental brain changes are less influenced by illness or its treatment. The gray matter (GM) loss in COS seen in the adolescent years becomes localized to prefrontal and temporal cortices by age 20, as has been seen in most adult studies, supporting biological continuity between childhood-onset and adult forms of the illness. 47 High-risk studies Non-psychotic siblings provide a valuable contrast group to address whether the observed brain trajectories represent familial/genetic traits in an unmedicated and asymptomatic sample. Healthy siblings of adult-onset schizophrenia generally have not evidenced cortical GM reduction, although some have shown enlarged ventricles and reduction in thalamic GM volume. 48 Stronger evidence for the trait nature of GM abnormalities has come from discordant twin studies of adult patients. [49] [50] [51] Prospective imaging studies of nonpsychotic full siblings of COS patients have shown a pattern of prefrontal and temporal GM deficits in childhood that appear to 'normalize' by the time the subjects reach late adolescence. 52 This initial observation was recently replicated in a 'non-overlapping' sample of healthy siblings and matched healthy controls. 53 These combined data are shown in Figure 2 . The normalization of cortical GM loss may represent a 'resilient phenotype' where early GM loss in siblings is due to genetic vulnerabilities (first/genetic hit). A second/subsequent 'hit' around the typical age of onset in late adolescence may be absent or overcome by this plastic response of 'normalization' of the healthy siblings' early GM abnormalities.
As with investigations of GM, longitudinal studies of WM show that the WM integrity changes throughout the course of illness, most prominently in the prefrontal cortex. 54, 55 Diffusion tensor imaging studies in adolescents and adults with schizophrenia consistently indicate widespread WM abnormalities, [56] [57] [58] [59] and prospective follow-up studies have found abnormal development in probands, 58, [60] [61] [62] expanding the case for progressive post-onset brain abnormalities. More recently, using a novel method called tensorbased morphometry, a significant lack of WM growth in COS patients was observed during adolescent years. 63 Similarly, in a prospective study on ultra-high-risk individuals, Walterfang et al. 54 reported that individuals who later developed psychosis showed a reduction in WM volume in the left fronto-occipital fasciculus. More recently, Bloemen et al. 64 identified lower fractional anisotropy values in the medial frontal cortex in ultra-high-risk individuals developing psychosis.
Acquisition of prenatal and infant scans. Healthy siblings and other high-risk subjects provide one avenue of looking at very early neurodevelopment. Recent studies have assessed brain maturation in the first 2 years of postnatal life, during which cortical GM increases 185%. 65 Gilmore et al. 66, 67 examined offspring of mothers with schizophrenia or schizoaffective disorder and controls combining prenatal ultrasound scans, neonatal structural magnetic resonance imaging and diffusion tensor imaging during this period. Unexpectedly, the results were strongly sexually dimorphic; high-risk males, but not females, showed larger intracranial volume, cerebrospinal fluid, total GM and lateral ventricle volumes.
The larger GM volume in the high-risk male children is counterintuitive, as COS children and adolescents (typically studied after age 7) are found to have smaller GM volume. 1, 68 At the same time, the larger GM findings are consistent with findings from subgroups of autistic children at this age. 69 Twin studies from these same investigators 67 indicate a GM volume heritability of 0.56 (lower than adults) and a lateral ventricle volume heritability of 0.71 (higher than adults) at this age, suggesting that gene Â environment interaction may be relevant for GM development, but less so for ventricular volumes.
Schizophrenia: a disorder of connectivity. Schizophrenia is increasingly considered a disorder of cortical connectivity. 70, 71 Many neuroimaging modalities attempt to address this either directly, with Figure 1 (a and b) Neuronal proliferation, cell migration, morphological and biochemical differentiation, and circuit formation all depend on cell and cell-environment interactions that control developmental processes, and so can cause altered trajectories. 46 Neurodevelopmental model of schizophrenia JL Rapoport et al methods such as diffusion tensor imaging, or indirectly, by correlating cortical voxels using multivariate analyses on either structural or functional data.
Multivariate analyses, including default mode networks of the brain obtained either through resting state functional magnetic resonance imaging or resting state MEG analyses, 72 have gained prominence in developmental neuroimaging. Various analytical approaches are used to study these data. Graph theory provides a mathematical framework in which to describe the relationship between 'nodes' (for example, a brain structure or region) and 'edges' (for example, a physical or correlative connection between nodes). This involves the assumption that brain network organization is guided by a tendency to maximize communication efficiency while minimizing connection cost, which results in cost-efficient, 'small-world' networks having both low cost and high efficiency. Recent evidence from both anatomical and functional imaging suggests that these properties are under genetic control 70 and are altered in schizophrenia generally, [73] [74] [75] [76] as well as in our COS cohort, consistent with models of regional synaptic deficit with intact long-distance connections. 77, 78 This finding fits with the synaptic pruning model of schizophrenia.
Imaging, genetics and neurodevelopment
Brain abnormalities in childhood may pre-date onset of illness. For example, brain cortical thinning of the left entorhinal regions was seen in relation to APOE allele status for children having no current cognitive impairment, 79 and subjects carrying the risk gene for Huntington's show striatal abnormalities and smaller intracranial volume 80 many years before symptom onset. Twin studies in typically developing twins have indicated that heritability of cortical and subcortical regions varies by region and time of development, with some areas becoming more (frontal cortex) and others less (cerebellum) genetically determined with time. 81 Neuroimaging methodologies that combine the genetic and imaging data sets are now starting to link results between risk alleles (small-to-moderate effect size) and the trait nature of morphological and functional brain abnormalities. 82, 83 This is based on the assumption that the brain phenotype, if indeed it is an intermediate phenotype, 84 is likely to show greater association with the underlying risk alleles than with the overall disease diagnosis. This is supported by our recent observations in COS patients and their siblings, where increased Val dosing of COMT Val158Met genotype resulted in accelerated loss of cortical GM in the prefrontal cortex in both COS probands and their healthy siblings, while COMT genotype per se had no diagnostic association in this group (see Figures 3) . Interestingly, in both COS probands and siblings, the Met-Met genotype appeared to 'normalize' the GM loss, but this occurred at an earlier age (late adolescence) in siblings and even later in COS probands, indicating age-dependent genetic influence on development. 85 
Copy number variants
Recent research strongly supports the role for rare DNA CNVs as risk factors for schizophrenia. The best supported loci are deletions at 1q21, 2p53, 3q29, 15p11.2, 15q11.3, 17q12, 22q11.2 and Neurexin 1 (NRXN1), [86] [87] [88] [89] [90] [91] and duplications at 7q36.3, 25q11-13, 16p11.2 and 16p13.1. [92] [93] [94] Both immunological and brain developmental pathways are implicated. 95 The number of risk CNVs will certainly grow as larger patient and control samples increase sensitivity. CNVs vary considerably with respect to frequency and penetrance; a role for rare causal variants is emerging, and de novo mutations are seen particularly for CNVs that incur a large degree of selection against the phenotype.
96
Extreme populations have been informative for the genetics of disease and in line with this concept; CNVs may be more frequent in very early-onset schizophrenia. 97, 98 MYT1 duplication and deletions at 16p11.2 and 22q11 were all recurrent within the small sample of childhood-onset patients. 97, 99 CNVs for 16p11.2 duplications were associated with smaller head circumference, and within the COS population, associated with smaller brain WM volume. 92 As larger populations are screened for CNVs and larger 16p11 deletion/duplication samples are identified, it will be of interest to see if brain developmental patterns interact with deletion/duplication patterns within and across ASD and schizophrenia. It is possible that haplo-insufficiency or rare recessive effects of single base pair mutations in the non-deleted chromosome could account for some of the pleiotropy of CNVs. 100 In addition, a 'two-hit' model has been proposed to explain severity/phenotypic choice. 101 A 'second hit' could be another CNV, a disruptive single base pair mutation, or an environmental event influencing the phenotype.
Psychiatric disorder-based CNV studies need to be supplemented by CNV-based large population studies. Because CNVs such as 22q11 (the DiGeorge syndrome) may have pharyngeal, cardiac or immune deficits phenotypes, and 16p13.1 duplications have been associated with aortic dissection, 102 diseasebased studies omit other disorders related to the same CNV. Understanding this predisposition to disorders involving more than one organ system is critical to understanding the role of recurrent CNVs in human disease and gives true 'overall' prevalence and penetrance information that is crucial for understanding mechanisms, and for genetic counseling. 
Human-induced pluripotent stem cells
The ability to generate neurons from fibroblasts can, in principle, lead to the discovery of cellular defects that may be fundamental to disease. 103 Moreover, this technique lends itself to the study of individual differences given the unique genetic background propagated for each patient and has generated remarkable interest. Recently, skin cells taken from three patients with Alzheimer's disease have been reported to produce higher levels of amyloid B, which is linked to Alzheimer's disease. 104 Using Rett syndrome as an ASD genetic model, human-induced pluripotent stem cell (hiPSC)-derived neurons from this group had fewer synapses, reduced spine density, smaller soma size and electrophysiological defects. 105 Smaller neuronal soma size was also found in a second study with hiPSC-derived neurons from a single Rett syndrome patient. 106 The hiPSC approach would seem ideal for the study of neurodevelopmental disorders, but there are still major limitations to this approach. These include variability across neurons, and hiPSC variability within and across populations. Direct reprogramming of fibroblasts to neurons has been reported, 107 but a potential problem is that this transformation could miss the developmental window of neuronal differentiation and maturation.
In schizophrenia, there is a very wide choice of cellular phenotypes to examine, but further study of neuronal development would be suggested from the neurodevelopmental models of the disorder. Brennand et al. 108 reprogrammed fibroblasts from four patients with schizophrenia into hiPSCs and subsequently differentiated them into neurons. The patient cells showed diminished neuronal connectivity in conjunction with decreased neurite number, PSD 95 protein levels and glutamate receptor expression.
An important next step is to carry out synaptic assays on a larger scale with large, well-characterized patient and control groups for which family, genetic and brain developmental (imaging) data are also available.
Post-mortem brain studies
Developmental neuroanatomy
Because schizophrenia typically starts in late adolescence, the remodeling of cortical connections during this period is thought to be critical. 109, 110 A recent study of normal microanatomic brain development replicates and extends Huttenlocher's findings of frontal synaptic changes during adolescence. 111 In the largest study of its kind, Petanjek et al.
112 studied the synaptic spine density in the human prefrontal cortex during an extended period from newborn to age 91 years for 32 post-mortem subjects. They also found evidence that overproduction and developmental remodeling continues beyond adolescence and throughout the third decade of life before stabilizing. This extended developmental period has implications for genetic/environmental effects on late onset of neuropsychiatric disorders such as schizophrenia.
Post-mortem brain gene expression
Important new normative studies have set the stage for future clinical and high-risk work. A recent report on 269 post-mortem brains across the lifespan from individuals without psychiatric disorder have shown that, in spite of the great amount of individual genetic differences, there is a striking common pattern of how 650 000 messenger RNA or transcript variations influence gene expression in the frontal lobe across the age span. High gene expression during fetal life becomes much diminished after birth and gradually declines until middle age. At later ages, overall gene expression increases, mirroring the reversal in infancy. 113, 114 Newer (primate-specific) genes have expression bias toward early brain development compared with older genes, particularly in evolutionary newer (prefrontal) brain regions. 115 A parallel study looked at gene expression across multiple brain regions across the same time period with 57 of these brains. In all, 86% of the genes analyzed were expressed, and 90% of these were differentially regulated across brain regions or across time. Schizophrenia risk genes are associated with transcripts that are enriched in, or unique to, the human brain. Some also show preferential expression in the fetal brain. 113, 116 Studies of post-mortem brains from patients who had schizophrenia will provide patterns of abnormality in development that will inform neurodevelopmental models. While the patient samples will all be adults, in principle, high-risk post-mortem brain samples, such as from first-degree relatives of patients with schizophrenia, should be obtained across a wider age range to permit comparable developmental study.
It is almost certain that both dopamine and glutamate transmission are abnormal in this disorder, [117] [118] [119] and striatal dopamine over-activity may be critical to conversion to psychosis or psychotic symptoms generally. 120, 121 Several post-mortem brain studies have been designed around neurodevelopmental models relating to GABA, indicating vulnerable brain developmental periods 122 and a risk genotype possibly reflecting immature GABA physiology. 123 Defects in GABAergic neurotransmission have been linked to multiple neuropsychiatric disorders, including schizophrenia and autism. The most common abnormalities have been in the number of parvalbumin-containing interneurons (PV þ ) or their synaptic function. Alterations in timing of developmental disruption of GABAergic interneurons as the basis for several different neurodevelopmental disorders are gaining increasing support. 124 This has been a particularly productive era for postmortem brain studies. Transcription studies have already proved important in autism where both developmental and immunological patterns of abnormalities have been identified. 125 
Summary
There is continued support for a broad neurodevelopmental model of schizophrenia. Age periods have been extended for human developmental brain imaging studies, but there is not yet satisfactory explanation for mechanisms mediating risk or of phenotype 'choice'. Large prospective normative cognitive and brain imaging studies with contrasting clinical populations are providing valuable data. It may be that the phenotypic specificity will be found at the cellular level with hiPSC 126 or that there will be distinct anatomic abnormalities for various cognitive/social abnormalities in local and long-range connectivity. 127 Future studies that are chromosome-based, such as a large population study of risk CNVs for neurodevelopmental disorders, will better identify predictive genetic and brain developmental features. [128] [129] [130] 
